A novel structure of a resonator type guided-wave electrooptic intensity modulator is introduced that uses a higher-order harmonic resonant electrode of coupled microstrip lines combined with polarizationreversed structure. The light modulation cancellation caused by the light transit-time effect in the resonant electrode, which is longer than the wavelength of the standing wave, is compensated for to enhance modulation efficiency. The modulator for 26 GHz operation was designed and fabricated with a LiTaO 3 substrate. The modulation electrode is 9.03 mm long for seventh order harmonic resonance by RF signal. The workability of the modulator was confirmed by experiments with 1.3 µm wavelength light.
Introduction
Electro-optic (EO) modulation is capable of high-speed operation with low frequency chirping. Waveguide type EO modulators using resonant electrodes [1] - [4] can exhibit high modulation efficiency for short electrode length with band operation. This feature is promising for radio-on-fiber systems, where radio signals are conveyed on subcarriers of light waves to transmit to distance places through optical fibers.
Resonator type EO modulators however have a problem: electrode length, which corresponds to the length of the interactive region between light waves and RF electric fields, is normally fixed at a half wavelength of the RF signal. Modulation efficiency is limited by interactive length. Such limitation is serious especially for millimeterwave or quasi-millimeter-wave frequency operations since the electrode becomes very short, about 1 mm at 26 GHz for LiNbO 3 or LiTaO 3 EO modulators.
In this paper, a new structure of a resonator type EO intensity modulator is introduced. By using a higher-order resonant electrode combined with polarization-reversed structure (PRS) [5] , [6] on a ferroelectric EO-crystal substrate, the interactive length for optical modulation is enlarged † † The authors are with the Graduate School of Engineering Science, Osaka University, Toyonaka-shi, 560-8531 Japan.
a) E-mail: enokihara.akira@jp.panasonic.com DOI: 10.1093/ietele/e90-c. 5 .1096 without modulation cancellation caused by a light transittime effect. The modulation electrode consists of resonant coupled microstrip lines (CMLs), where resonance with the odd propagation mode induces a high electric field for EO modulation [4] . A modulator designed at 26 GHz was fabricated and its workability was experimentally confirmed. Figure 1 shows the proposed EO intensity modulator with the electrode of the CMLs. The optical waveguide Mach-Zehnder interferometer is prepared with polarizationreversed structure on ferroelectric EO crystal substrate, such as LiTaO 3 .
Modulation Electrode for Higher Order Harmonic Resonance

Electrode Structure Using Coupled Microstrip Lines
The modulation electrode consists of a pair of CMLs of identical width parallel to each other. Coupled lines can support odd and even modes in propagation; electric fields are shown in Fig. 2 . For the odd mode, the two lines are at opposite potentials, +V and −V, with identical amplitude, and the voltage at the gap space between the lines, V g , is twice that of each line to the ground, as V g =2 V. The electric field by the odd mode concentrates around the gap space of the CMLs. Efficient electro-optic modulation will be achieved by arranging the optical waveguides near the line space, as shown in Fig. 1(b) .
This electrode structure is expected to operate stably for high frequency signals by using microstrip configuration because the ground potential level can be uniformly fixed by mounting the substrate on a metal fixture. This feature is suitable for the operation of higher order harmonic resonances, where the electrode is several times longer than the wavelength of the standing waves so that partial fluctuation of the ground potential level could possibly cause parasitic resonances to reduce operation stability in conventional electrode structure.
Moreover, by using this electrode structure, electric fields of identical intensity are applied to each arm of the Mach-Zehnder interferometer because the structure is perfectly symmetric in the transversal cross-section. Optical intensity modulation with zero frequency chirping is thereby realizable. On the other hand, conventional EO modula- tors commonly employ modulation electrodes of coplanar waveguide (CPW) structure, and the two arms of the interferometer are placed under their hot and ground electrodes, respectively. The electric field intensities applied to the two arms are usually imbalanced. The optical phase modulation component remains in the output light signals as optical frequency chirping. Chirping, in many cases, causes degradation of modulated light signals by wavelength dispersion in optical fibers, especially for high-frequency modulations or long-distance fiber transmissions.
Standing Wave in Higher
Order Harmonic Resonance Figure 3 shows a configuration of the modulation electrode. Both ends of the CMLs are shorted to excite a resonance of the odd propagation mode with nodes at both ends. The feed line of a signal microstrip line is simply connected to one of the pair lines, line A, at an adequate location, x. Electrode length L is fixed at an integer multiple of half wavelength of modulation signals for higher order harmonic resonance as L = nλ o /2, where n and λ o are harmonic order number and wavelength of the odd propagation mode in CMLs, respectively. The standing wave of sinusoidal voltage variation must be induced by the resonance of the input signals. Amplitudes of voltage and the current of the standing wave under the assumption of small propagation losses are expressed by 
where β and Z c−o are phase constant and characteristic impedance of the odd propagation mode, respectively. Z c−o is presented by the general expression using equivalent circuit elements, capacitance C, conductance G, resistance R, and inductance L per unit length as
where ω is the angular frequency of the RF signal. The right-hand side is approximated from the assumption of small propagation losses. The imaginary part reflects the dissipative loss induced by elements R and G. All circuit elements L, C, R, and G in CMLs can be estimated from the electrode structure in transversal cross-section by using the conformal mapping method [4] .
Equivalent Circuit and Signal Feeding
Next we consider an equivalent circuit of the CML resonator with a feed line for efficient signal feeding. Since In the equivalent circuit, both ends of the resonator for the odd mode are shunted to the ground, while for the even mode they are shunted through open-end capacitance C e due to the fringing field effect. Due to this difference in the resonator circuit, the resonant frequency of the odd mode should be significantly separate from the even mode. Figure 5 illustrates current flow at the feed point. Input current I in from the feed line to line A is divided into two opposite directions of the line, and each divided current is supported by odd and even propagation modes as I in = I o1 + I e1 + I o2 + I e2 . The relation of the currents between lines A and B is fixed in terms of the symmetricity of the two modes, as shown in Fig. 5 . The current of the odd mode in line B flows in an opposite direction to line A, and the sum of all currents in line B flowing into the feed point must be zero as (I o1 − I e1 ) + (I o2 − I e2 )=0. I in is therefore only expressed by the odd mode currents as I in =2(I o1 + I o2 ). Voltage V in at the feed point obviously equals the sum of the voltages of odd V o and even mode V e as V in = V o + V e . Input impedance from the feed line is therefore given by
where at the feed point, Z in−o1 and Z in−o2 are the input impedance of the odd mode looking toward the left and right sides of the CMLs, respectively. Since the resonant frequencies of the two modes are estimated to be considerably different, as seen from Fig. 4 , when the odd mode is in resonance, the even mode is normally out of resonance so that input RF power should hardly excite the even mode resonance. Therefore, the induced voltage of even mode V e must be small enough compared with V o , and the term of V e /V o in (3) is assumed to be negligible.
Z in−o1 and Z in−o2 are given by input impedances of the line shunted at a distance of x and L − x, respectively, as
γ, a propagation constant, is generally obtained from the equivalent circuit elements as
where α is an attenuation constant. Input impedance Z in at the feed point is given by substituting (4) for (3) as
Z in can be calculated by substituting (2) and (5) for (6) . Figure 6 shows the calculation results of the real and imaginary parts of Z in as functions of x in cases of seventh order harmonic resonance, where it is assumed that LiTaO 3 crystal substrate (refractive index: 2.18, relative permittivity: 41.5) is used and that electrode dimensions W and S are 50 and 20 µm, respectively, and the resonant frequency is 26 GHz. As seen from the figure, the real part of 50 Ω is obtained at several points of x, and the imaginary part is much smaller than the real part. It is therefore confirmed that impedance matching is approximately realized by using a 50 Ω feed line at an adequate feed point. Figure 7 shows the return loss and the power reflection ratio when a 50 Ω feed line is connected. Positions of feed point x, where the power reflection ratio is less than 5%, cover about half of the resonator length. We found that dimension accuracy to determine the feed point is significantly relaxed for this signal-feeding structure.
Optical Modulation Using Polarization-Reversed Structure
Optical modulation using the electrode of higher order harmonic resonance with PRS is considered. Electrode length L = nλ o /2, or the interactive length between light waves and RF signals, obviously increases in proportion to harmonic order number n. If interaction effectively contributes to light modulation all over the electrode length, the total amount of light modulation should reflect the product of V 0 and L, and modulation efficiency should be increased in proportion to n. However, by simply using such a long resonator electrode as n ≥ 2, modulation efficiency is reduced on account of the modulation cancellation by the light transit-time effect. The behavior of the modulation cancellation and the principle of the enhancement of the light modulation by using PRS are presented as follows.
When the standing wave of the odd mode is excited, voltage at time t and location z is given using (1) as
where φ 0 is the initial phase shift of the standing wave at t=0. Figure 8(a) shows voltage V at an instant, where the seventh order harmonic resonance, n=7, is assumed.
Here we focus on voltage V l that is seen by the light waves to estimate modulation coefficient m. Since light intensity modulation is a modulation of the envelope of light waves, the following discussions are carried out using their group velocity. V l can be calculated by adding the phase transition of the standing wave during light propagation with group velocity v g . The time of light wave propagation from z=0 to z is given by z/v g . V l (z), seen by the light wave that passes across the point of z=0 at t=0, is expressed by
Figure 8(b) shows V l (z) calculated with an adequate φ 0 calculated under the same conditions as Fig. 6 . V l (z) becomes negative in some sections. This means that in these sections the polarity of the electric field seen by light waves becomes opposite to that at the start point, z=0, so the light modulation is canceled out. Therefore, the total amount of light modulation is obviously reduced for a long electrode. Figure 8 (c) explains the principle of the proposed scheme that enhances modulation. At those negatively modulating sections, the polarity of light modulation is reversed by reversing the polarization of the crystal domain of the ferroelectric EO substrate. Thereby light modulation is accumulated all over the long electrode, and the total amount of light modulation is significantly enhanced by PRS. Figure 9 shows V l (z) calculated for different values of φ 0 . The disposition of the negatively modulating sections, or the desirable PRS pattern, is not uniquely determined. When PRS is adequately arranged, the total amount of light modulation m is given using an integral of absolute value of V l (z) over the electrode length as
where m means the induced phase shift difference between two arms of the Mach-Zehnder interferometer and the output light can be switched from on to off at m=π rad. It is assumed in (9) that extraordinary light, whose refractive index is n e , propagates in waveguides on the z-cut LiTaO 3 or LiNbO 3 substrates and is modulated by RF electric fields in the z-direction, where γ 33 is a corresponding electro-optic coefficient. λ is a free space wavelength of the light wave. Γ is a coefficient on the field overlapping between light waves and RF waves, determined by the cross-sectional structure. The magnitude of m depends on the peak-to-peak value of the voltage between lines V p−p . Factor 4 just behind V l is therefore required because V p−p is twice the amplitude of the voltage between the lines V g , and V g is also twice the voltage to ground V l , as
V 0 should depend on input RF signal power P in and resonant Q factor of the modulation electrode. The energy stored in resonator U consists of those for electric fields U E , and magnetic fields U M and is expressed using (1) and (2) as
where the approximations based on low propagation losses,
are used for simplification. Resonant Q factor is defined by Q = ωU/P L , where P L is the average power loss by resonance. Using (10) with Q, the following relation can be obtained:
since P L = P in in steady state V 0 is expressed by
Modulation coefficient m at the resonance frequency can be estimated by combining (9) and (12). The real value of Q is obtained by measurement for the fabricated electrode. Figure 10 shows m calculated from (9) as a function of φ 0 with the same conditions as those in Fig. 9 , where m is normalized at the maximum value. It is seen that m varies with φ 0 within a range of about 10% with a maximum around φ 0 =0.08 π rad. In actual modulation, φ 0 corresponds to the initial phase shift of the modulating RF signal conveyed on the modulated light. Since determining the initial phase shift of the modulating signals is generally meaningless for standard optical communications, we should therefore choose φ 0 value to maximize m.
In Fig. 11 , we estimated modulation coefficient m as functions of harmonic order number n of the resonant electrode under the assumption that the EO substrate material is LiTaO 3 and the standing waves of the same amplitude are excited at 26 GHz in all cases. The value of φ 0 is determined to maximize m, and the PRS areas are arranged in optimum.
Modulation coefficients are normalized by fundamental order resonance n=1.
As seen from the figure, light modulation is remarkably enhanced by using a higher order resonant electrode with PRS. In cases of using PRS, m is nearly in proportion to n, which means that all the length of the electrode effectively contributes to the total modulation. On the other hand, without PRS, light modulation is reduced by modulation cancellation, and m is not improved even by the long electrode. 
Design and Fabrication
We fabricated the modulator and measured the properties to confirm its workability. A modulator with an electrode of seventh order harmonic resonance was designed for 26 GHz RF signals with a z-cut LiTaO 3 substrate at a 1.3 µm light wavelength. Figure 12 shows V l (z) at φ 0 =0.08 π and the corresponding optimum PRS pattern. To simplify the PRS pattern, narrow reversed area A was omitted in the fabrication process. The modulation coefficient is supposed to be decreased by about 1% by this omission. The pattern used in the experiment therefore consists of only two areas of lengths of λ o for the left and λ o /2 for the right. Figure 13 shows the electrode pattern used in the experiment. Line width W and gap spacing S of the CML electrode were 48 and 22 µm, respectively, and the total length was set at 9.03 mm, which is around seven times as long as λ o /2. The 50 Ω feed line of a 50 µm wide single microstrip line was connected at the feed point with a location at x of 0.51 mm to satisfy the impedance matching condition with the odd mode. The additional electrode for DC voltage is used to adjust the optical phase bias.
For designing the modulation electrode, we first determined the basic structure by an analytical method [4] . Then an electromagnetic field simulator was used for fine adjustment of the dimensions of L and x at 26 GHz operation with minimum power reflection at the signal feeding.
The fabrication process of the modulator is as follows. PRS was formed in advance on a 0.25 mm thick z-cut LiTaO 3 substrate by applying an electric field induced by a 8.9 kV peak pulsed voltage. The optical waveguide MachZehnder interferometer was prepared on the substrate by the proton-exchange method using melted benzoic acid for 24 hours. The cross section of the waveguide area was 5 µm wide and 1.5 µm thick. Separation between the two arms of the interferometer was 20 µm. A modulation electrode of a 1 µm thick Al film was formed on the SiO 2 buffer layer 0.13 µm thick. The ground plane of a 1 µm thick Al film was deposited on the reverse side of the substrate. The modulator substrate was mounted on a metal fixture to which an RF coaxial connector was installed. The center conductor of the connector was contacted to the end of the feed line at the edge of the substrate.
Results and Discussions
The measured and calculated microwave responses of the modulation electrode are presented in Fig. 14. The reference plane in the S-parameter measurement was set at the connector. The measured return loss includes losses of the feed line and the coaxial connector. Dips indicated with arrows are expected to concern the harmonic resonances of the odd propagation modes. A seventh order harmonic resonance appears around 26.2 GHz. The measured unloaded-Q factor was about 30. The slight difference in frequency between measurement and calculation is attributable to error in the electromagnetic simulations caused by the dielectric anisotropy of LiTaO 3 . Figure 15 presents an example of the spectrum of the modulated light by a 26.2 GHz RF signal. The first and the second order sidebands in symmetry are observed, which demonstrate the operation of the optical intensity modulation.
The intensities of the sidebands are represented by modulation coefficient m and optical phase bias θ, induced between two arms of Mach-Zehnder interferometer as : i = even number,
where I i and I T are light intensities of the ith order sideband (I 0 corresponds to the carrier) and total intensity of light output, respectively, and J i is a Bessel function of the first kind of order i. From (13) a simple relation between m and the intensity of the first side band I 1 at θ=π and carrier I 0 at θ=0 is obtained as
Figure 16 shows measured I 0 and I 1 as functions of θ, where θ was controlled by the DC voltage applied to the electrode for the optical phase bias adjustment. Curves in the figure are given by (13) and are fitted to the measured points. m can be calculated by using (14) with I 0 | θ=0 and I 1 | θ=π obtained from the fitting curves. Figure 17 shows the frequency dependences both of RF return loss of the modulation electrode and modulation coefficient m, normalized at 100 mW signal input to the RF coaxial connector. The maximum modulation coefficient of 0.08 rad was obtained around the resonant frequency. An actual input signal to the modulation electrode should be attenuated by the losses of the feed line and the connector. We can observe in Fig. 17 that such constant attenuation of about 5 dB in a round trip, or 2.5 dB in a one-way path, is additionally included in the measured return loss because the return loss curve by resonant absorption is separated by about 5 dB from the 0 dB level. Maximum m at 100 mW input power compensated for the attenuation on signal feeding 2.5 dB, which is therefore estimated to 0.11 rad. The theoretical value of m for the fabricated modulator structure is given by substituting physical constants and design parameters of the modulator to (9) and (12) as
Γ is determined by the field overlapping between the guided light waves and the RF signals. However, Γ is commonly difficult to calculate and sensitively decreases by errors in fabrication. Although the real value of Γ for this modulator structure could not be estimated exactly, we speculate from our experiences that Γ in general cases of guided-wave modulators should be between 0.2 and 0.4. The m value at P in =0.1 W for fabricated modulator Q=30 is therefore supposed to be at least 0.4 rad, which is about four times as much as the measured one with feeding loss compensation 0.11 rad. This large difference is mostly attributable to the degradation of an EO effect of LiTaO 3 caused by the proton exchange in the waveguide preparation process. Moreover, errors in the fabrication process might also give rise to the degradation of m. It has been reported that the proton exchange treatment reduces the EO constant to less than half of the original value for LiNbO 3 [7] , [8] . LiTaO 3 should have similar character as well. Although we repeatedly attempted to thermal anneal the modulator substrate to revive the reduced EO effect, m could not increase remarkably. The SiO 2 buffer layer on the substrate surface might have disturbed the action of annealing. This problem could be solved by using the Ti:LiNbO 3 waveguide, while a process for preparing PRS on the LiNbO 3 substrate is required.
These experiments were performed with 1.3 µm light for applications requiring dispersion-free transmission in optical fibers. Mach-Zehnder type EO modulators are operatable in a wide wavelength range as long as light waves propagate in the waveguides under the single-mode condition. Fabricated modulators are also expected to be available in the 1.55 µm wavelength band for long-range optical fiber transmission, although modulation efficiency is decreased in inverse proportion to the wavelength. This is the first demonstration of the proposed modulator. We made discussions and experiments for a modulator of seventh order harmonic resonance. This modulator structure was revealed to be effective in all other order numbers from the results of Fig. 11 , although we seriously considered the modulator structure in the case of n=7 as an example to evaluate the operation of the proposed modulator scheme.
Conclusion
A guided-wave EO intensity modulator of a new scheme using a higher-order resonant electrode with polarizationreversed structure was proposed. This scheme seeks to overcome the limitations in modulation efficiency of resonator type EO modulators. A modulator designed at 26 GHz was fabricated and its workability was experimentally confirmed.
The modulator structure can expect to be used in applications requiring optical modulation for high-frequency radio signals, such as radio-on-fiber systems.
